The article synthesizes available information on isotopic composition of precipitation in Slovakia (the Western Carpathians). Monthly δ 18 O data from eleven stations and period 1988-1997 were used to investigate correlations among the stations, altitude, air temperature and precipitation amount effects. The mean annual altitude and air temperature gradients of δ 18 O in precipitation were 0.21‰/100 m and 0.36‰/1°C, respectively. Maps of spatial distribution of mean annual δ 18 O in precipitation based on both gradients were constructed. The two maps do not significantly differ for the majority of Slovakia. δ 2 H data were available for only three stations. Local meteoric water line derived for the station with the longest data series (δ 2 H = = 7.86δ
Introduction
Stable water isotopes are used in hydrology and hydrogeology to trace the movement of water in hydrological cycle since the 1960's (e.g. Zimmerman et al., 1967; Fontes and Gonfiantini, 1967; Dinçer, 1968; Gat et al., 1969; Dinçer et al., 1970) . In research, their main applications address the separation of hydrograph components and estimation of mean transit time of water in a catchment or aquifer. Such applications generally need more sampling effort or longer data series. However, there are also practical applications where a small number of samples can help to identify the origin of water, e.g. groundwater recharged from a lake, altitude of recharge area or contribution of river water to a production well (a number of examples are given e.g. by Clark and Fritz, 1997) . Such applications usually require certain background information on isotopic composition of precipitation which is the basic input into the hydrological cycle of a catchment or an aquifer. This background information is represented by the local meteoric water line (LMWL), altitude or air temperature gradients of isotopic composition of precipitation. Basic knowledge on the dependence of isotopic composition of precipitation on climatic factors, altitude and latitude was gained already in the 1950's (Gourcy et al., 2005) . A valuable source of isotopic data at the global scale is the IAEA-WMO Global Network of Isotopes in Precipitation GNIP (e.g. Gourcy et al., 2005) . Analyses of the global distribution of stable water isotopes in precipitation based on the GNIP data were published in a number of works (e.g. Dansgaard, 1964; Yurtsever and Gat, 1981; Rozanski et al., 1993 , Gat et al., 2001 . A comprehensive review of the topic is given by Ingraham (1998). Yet, the new articles on isotopic composition of precipitation in various regions of the world based on local data appear regularly (e.g. IAEA, 2005; Argiriou and Lykoudis, 2006; Yamanaka et al., 2007) .
Stable water isotopes have been monitored in Slovakia for hydrogeological and hydrological applications since the mid-1980's (e.g. Kantor et al., 1985; Holko 1995; Malík et al., 1996 , Michalko, 1999 Holko et al., 2011) . With exception of a few stations, collected precipitation samples were mostly analysed for δ 18 O. The data were partially analysed by Holko et al. (1995) and Bošková (2004) . Nevertheless, a synthesis of the data facilitating wider utilization of stable water isotopes in practical applications has not yet been done. The objective of this article is to fill this gap by synthesizing the existing long-term monthly data on stable water isotopes in precipitation in Slovakia. Specific objectives include: − examination of the links among precipitation stations situated at different locations in Slovakia, − investigation of altitude and air temperature gradients of isotopic composition of precipitation and correlation of isotopic composition of precipitation and precipitation amount in Slovakia, − determination of the local meteoric water line, its comparison with the lines derived for the nearby GNIP stations at Krakow and Vienna, dependence of the LMWL on the time period used in its construction, − construction of the map of spatial distribution of mean annual δ 18 O in precipitation in Slovakia. The article supplements similar evaluations elaborated in various worldwide studies for both global and regional datasets. Since the studied territory is situated in the Western Capathians, the results are applicable to this part of central Europe. The map of spatial distribution of δ 18 O precipitation for Slovakia represents a new outcome which was not available at finer resolution for this region until now. Another new aspect of the article is the examination of monthly altitude gradients of isotopic composition of precipitation.
Data
Monthly precipitation, air temperature, and isotopic composition of monthly precipitation at eleven stations in Slovakia are used in the analyses. Data from the nearest GNIP stations situated outside Slovakia (Krakow, Poland and Vienna, Austria) were used as well (Fig. 1) .
Slovakia is situated in the Western Carpathians, the north-western part of the Carpathian arch. The landscape of the country is mostly mountainous and the highest peaks of the Carpathians are situated in Slovakia. Yet, lowlands defined as areas with altitude below 300 m a.s.l. cover about 41% of the country. About 8.5% of Slovakia is situated above 900 m a.s.l. Spatial and altitudinal distribution of precipitation stations used in this study attempts to cover all altitudinal zones. 
Methodology
The correlations of δ 18 O in monthly precipitation, monthly air temperatures and precipitation amounts at different stations were examined by correlation matrices. Simple linear (least squares) regressions were used to examine the relationships of isotopic composition of precipitation with other variables such as altitude or air temperature. Predictive power of calculated models was described by coefficients of correlation or determination. , 2007; Liu et al., 2008; Froehlich et al., 2008) . We calculated the deuterium excess for three Slovak stations, compared it with those at the stations Vienna and Krakow and investigated its seasonal and spatial variations.
Results

Correlations of isotopic composition of precipitation at individual stations, temperature and altitude gradients
The best correlations of monthly data (air temperature, precipitation amount, δ 18 O) among all stations were found for monthly air temperatures (the correlation coefficients ranged from 0.951 to 0.998). Correlation of precipitation amounts was worse (mean correlation coefficient 0.613). Correlations of δ 18 O in precipitation among individual stations were relatively high (mean value 0.731). δ 18 O in precipitation at Liptovský Mikuláš which has the longest record in Slovakia is well correlated not only with the nearby stations (e.g. Liesek; correlation coefficient 0.916) but also with the distant stations (e.g. Mochovce; correlation coefficient 0.841). The worst correlation coefficients for station Liptovský Mikuláš vary around 0.74. Fig. 2 provides an idea on the scatter of values measured at Liesek and Chopok plotted against the values measured at Liptovský Mikuláš. It shows that although the correlation coefficient of δ 18 O in precipitation is relatively high (0.811 for Chopok), there may be a systematic difference between the two adjacent stations. The differences were higher for isotopically lighter, i.e. winter precipitation.
The correlation matrix analysis reveals that stations with shorter records (e.g. Starina) tend to be highly correlated with all stations.
Mean monthly values of δ 18 O in precipitation at different precipitation stations were highly correlated. The mean correlation coefficient was 0.903. Nevertheless, comparison of seasonal distribution of δ 18 O in precipitation at different stations reveals several patterns (Fig. 3) . Generally, the isotopically lightest precipitation falls in February and the heaviest in July. However, the February minimum was not particularly pronounced at some stations (Bratislava, Vienna, Starina). Smaller autumn increases occur in some stations in September (Topoľníky) or October (Liptovský Mikuláš, Liesek, Starina). An unusually small seasonal variability of δ 18 O in precipitation was observed at the highest station of Chopok (Fig. 3) . 18 O in precipitation is typically correlated with air temperature and in some regions of the world (e.g. tropics) it is also correlated with precipitation amounts (e.g. Gat et al., 2001 ). Knowledge of these effects for individual stations is useful in filling-in missing isotopic data series at a particular station. In Slovakia, monthly δ 18 O in precipitation was mostly well correlated with the air temperature measured at the same station. Except for one station (Chopok), coefficients of determination (R 2 ) were about 0.5 (Tab. 2, Fig. 4 ). δ 18 O in precipitation was not correlated with precipitation amount (the highest R 2 is only 0.17). Correlations of mean annual values of δ 18 O in precipitation with air temperature (T), precipitation amount (P) and altitude can be used to estimate the isotopic composition of precipitation in the studied region. Knowledge of local isotopic composition of precipitation is useful in practical applications, e.g. in estimation of recharge areas of springs. The correlations for the Slovak stations are shown in Fig. 5 . When the data from the station of Chopok was not considered, the correlations with mean annual air temperature and altitude were high. Linear regressions with air temperature and altitude explain about 73% and 80% of the variability, respectively (Fig. 5) . Altitude gradient of δ 18 O in precipitation in Slovakia for mean annual values was 0.21‰/100 m of altitude (standard deviations of the slope and intercept of the regression line were 0.16 and 1.59, respectively). The air temperature gradient of δ 18 O in precipitation was 0.36‰/1°C (standard deviations of the slope and intercept of the regression line were 0.18 and 1.84, respectively). Addition of data from the closest GNIP stations situated outside Slovakia (Krakow, Vienna) slightly decreased the altitude gradient to 0.19‰/100 m and the air temperature gradient to 0.31‰/1°C. The correlation of δ 18 O with precipitation amount was not very strong. Altitude gradients of δ 18 O in precipitation varied during the year (Tab. 3). Gradients in the warm period of the year were slightly smaller than in the colder period. Very small altitude gradients were calculated for January, August and December (Fig.  6) . Data from the station Chopok were not used in calculation of the gradients presented in Tab. 3.
Their consideration would improve correlations in summer months (June to September), but it would not change the calculated altitude gradients. In other words, unlike in winter, the isotopic composition of precipitation at station Chopok in summer months better corresponds to that in other Slovak stations. Use of mean monthly data from the nearest GNIP stations outside Slovakia (Vienna, Krakow) negligibly decreased the altitude gradients in individual months (by 0.01-0.03 ‰/100 m of altitude). We can thus assume that the gradients calculated with data from only Slovak stations are valid for the whole territory of Slovakia (the Western Carpathians). 
Map of mean annual δ 18 O in precipitation in Slovakia
The map based on the altitude gradient given in Fig. 5 is shown in Fig. 7 . The differences between that map and the map based on the air temperature gradient are shown in Fig. 8 . In the majority of Slovakia the differences between the two maps did not exceed the analytical precision of δ 18 O analyses, i.e. 0.1‰. For the highest mountains the map based on altitudinal gradient of δ 18 O provided lower (more negative) values of δ 18 O in precipitation than the map based on the air temperature gradient, while for the lowlands and hilly areas of Slovakia it was vice versa.
Local meteoric water lines, deuterium excess
The local meteoric water line (LMWL) for the station Liptovský Mikuláš, i.e. the only Slovak station with the long data series, is shown in Fig. 9 . Parameters of the LMWL for this station did not differ much from the Global Meteoric Water Line (Tab. 4). The parameters practically did not change in the two periods analysed (1991-1993, 1991--2008) . Tab. 3 also shows that the slopes of the LMWLs in the Slovak stations which were all situated in the same catchment (Liptovský Mikuláš, Priemstav, Červenec) increased with altitude. Slopes and intercepts of the LMWL for station Červenec in periods [1991] [1992] [1993] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] were significantly different. It was probably caused by the relocation of the rain gauge, which remained at the same altitude, but moved to a different location.
Deuterium excess at the mountain station Čer-venec (1500 m a.s.l.) was significantly higher than at the nearby valley station Liptovský Mikuláš (570 m a.s.l., 11 km from Červenec). Seasonal variability of the deuterium excess at the two stations seems to change slightly since the 1990' (Fig. 10) . Maxima in the mountains (Červenec) in period 1991-1993 often occurred in summer (JulySeptember) while in the valley they mostly occurred in September. Maxima in period 1991-2008 in both mountains and the valley are shifted to autumn (October and November). Fig. 10 also shows seasonal variability of deuterium excess in Vienna and Krakow.
Existence an altitude gradient of deuterium excess for some stations was already reported earlier by Holko (1995).
Discussion
Climate in Slovakia is on the transition between the oceanic and continental. Despite the occasional influence of precipitation coming from the south, most of the precipitation typically comes from the west. Relatively high correlation of δ 18 O in monthly precipitation in different parts of Slovakia confirms that precipitation at the monthly time scale generally comes from the same source.
We do not have any explanation for the small seasonal variability of δ 18 O in precipitation at the highest station Chopok (Fig. 3) . All nearby stations have much higher seasonal variability. The weather systems producing precipitation at Chopok were the same as in the nearby stations, e.g. Liptovský Mikuláš. Thus, the small seasonal variability of δ 18 O in precipitation at Chopok should be rather attributed to specific site conditions. Precipitation at Chopok was isotopically very heavy in the autumn and winter months. The station was located near the summit of the Chopok mountain, thus exposed to high winds. Precipitation measurement errors caused by the wind are especially pronounced in winter. Accumulation of snow blown uphill from the lower altitudes is apparent at Chopok during the winter months. However, we assume that this process does not fully account for isotopically heavier autumn and winter precipitation at Chopok. The fact that the gauge was often situated in clouds may be of higher importance. Isotopic exchange between the water and vapour continuously takes place in the cloud (Jouzel and Merlivat, 1984) . This may have caused a difference in isotopic composition of precipitation between the site that was cloudy during precipitation events and the nearby sites that were situated under the clouds. IAEA, 2005) . Observed altitude gradients in different studies from other parts of the world vary between 0.1 and 0.6 ‰/100 m (Gat et al., 2001) .
The altidude gradient of δ 18 O in precipitation calculated by Holko (1995) using just two stations (Liptovský Mikuláš and Červenec) and the period 1991-1993 was smaller (0.14‰/100 m) than the above mentioned gradient calculated in this study for the entire of Slovakia. It was caused by the occurrence of negative gradients in winter months. However, the summer altitude gradient (July--September) in the same area based on data from 6 raingauges situated at altitudes 750-1900 m a.s.l. reached the value of -0.28‰/100 m (Holko, 1995) . That value better corresponds to the altitude gradients calculated in this article for the entire Slovakia (Tab. 3). Altitude gradient of δ 18 O calculated by Malík et al. (1996) for groundwaters of karst springs in a neighboring mountain range of northern Slovakia was 0.1 ‰/100 m.
Negligible gradient of δ 18 O in precipitation found in this study for January (Fig. 6) was also caused by the fact that the highest (mountain) station used in the analysis (Červenec) had isotopically heavier January precipitation than most of other stations situated at lower altitudes. Fig. 6 The map of mean annual δ 18 O in precipitation in Slovakia (Fig. 7 ) compared very well with the measured values at stations Červenec, Stará Lesná and Milhostov. The differences for other four stations were within ±0.2‰ (Liesek, Starina, Mochovce, Topoľníky). Higher differences were found for stations Bratislava and Priemstav that had heavier precipitation than the neighboring stations located at similar altitude. The δ 18 O value extracted from the map for station Liptovský Mikuláš was significantly heavier than the measured value. It was already mentioned that Chopok had very heavy precipitation compared to other stations and considering its altitude. Therefore, the regression equation which did not use the data from Chopok provided a significantly different estimated value. Comparison of measured values with the values extracted from the map showed that the map generally provided a good estimate of mean annual values of δ 18 O in precipitation in Slovakia. However, the small scale differences in isotopic composition of precipitation were not well characterized by the equation derived for the entire country. Since we had data from only 10 stations situated in Slovakia, it was not meaningful to use more sophisticated interpolation methods such as the geostatistics. Furthermore, the data showed that altitude and air temperature were good descriptors of mean annual values of δ 18 O in precipitation. We thus believe that altitude and air temperature gradients of δ 18 O in precipitation were the only appropriate approaches under given conditions. The map provides a new, more detailed information for this part of central Europe that was not available until now. Significantly different values of deuterium excess were found for two neighboring stations of Liptovský Mikuláš (large river valley) and Čer-venec (mountains). In Europe, precipitation with higher deuterium excess (14‰) often comes from the western part of the Mediterranean (IAEA, 2005) . Rank and Papesch (2005) report on significant differences in seasonal variability in deuterium excess in the Austrian Alps. They attribute the differences rather to local conditions than to different origin of air masses. Froehlich et al. (2008) calculated that the long-term sub-cloud evaporation (that generally decreases deuterium excess) represents less than 1% of precipitation in the Austrian Alps. Calculated contribution from recycling of continental moisture (that generally increases deuterium excess) was 2.5-3% of the local precipitation at two mountain stations. It is not probable that precipitation at Liptovský Mikuláš and Červenec come from air masses of different origin. We assume that similarly to the Alps, local conditions are responsible for a significant difference in deuterium excess at the two stations. One of the reasons may be the influence of water vapour from two larger water reservoirs situated relatively close to the station (Liptovská Mara, Oravská priehrada).
Conclusions
The paper provides a synthesis of all available data on isotopic composition of precipitation in Slovakia. It supplements existing international studies by the knowledge from the Western Carpathians. Presented results, e.g. altitude and temperature gradients of δ 18 O in precipitation, seasonal variability of the gradients and the map of mean annual δ 18 O in precipitation promote the use of stable isotopes in the region, e.g. in hydrogeological surveys. A more detailed map of spatial distribution of δ 18 O in annual precipitation in the studied part of the central Europe could be useful also in larger-scale water balance studies (e.g. Szilagyi and Kovacs, 2011) . Future monitoring of isotopic composition of precipitation in the Western Carpathians should provide more data on δ 2 H. More attention should be paid to monitoring of isotopic composition of precipitation in the mountains, because the existing data from the mountain stations show some unexpected features such as small seasonal variability of isotopic composition of precipitation or high deuterium excess.
